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a-NbxSi1−x thin films with thicknesses down to 25 A˚ have been structurally characterized by
TEM (Transmission Electron Microscopy) measurements. As-deposited or annealed films are shown
to be continuous and homogeneous in composition and thickness, up to an annealing temperature
of 500 ◦C. We have carried out low temperature transport measurements on these films close to the
superconductor-to-insulator transition (SIT), and shown a qualitative difference between the effect
of annealing or composition, and a reduction of the film thickness on the superconducting properties
of a-NbSi. These results question the pertinence of the sheet resistance R as the relevant parameter
to describe the SIT.
PACS numbers: 68.35.Rh, 68.37.Lp, 68.37.Ps, 68.55.-a, 68.65.Jk, 71.30.+h, 73.43.Nq, 73.50.-h, 74.25.-q,
74.40.+k, 74.78.-w, 74.81.Db
I. INTRODUCTION
The interplay between superconductivity and disorder
is a long-standing problem [1–6]. One of the first steps
towards its understanding was given by the so-called An-
derson theorem [7], which states that weak non-magnetic
disorder has no effect on the superconducting critical
temperature Tc. However, this limit is rarely ever at-
tained in real samples. Moreover, numerous experiments
have subsequently shown that microscopic interactions
relate to the level of disorder in a more complex manner
[8, 9]. Despite a few decades of both theoretical and ex-
perimental efforts, this problem remains unsolved and is
still a major issue in solid state physics [10].
The effects of disorder on superconductivity are all
the more dramatic in 2D, which is the lowest dimen-
sion for the existence of either a metal or a supercon-
ductor. In 2D, as the microscopic disorder is increased,
superconducting thin films evolve towards an insulat-
ing state. This change in ground state has commonly
been described as a Superconductor-to–Insulator Tran-
sition (SIT) and results from the competition between
disorder-induced localization of charge carriers and the
formation of a coherent state of condensed Cooper pairs
[10, 11]. Within these theoretical descriptions, the phys-
ical properties of the films should only depend on the
sheet resistance R ∝ 1kF l [5, 12] where kF is the Fermi
wave vector and l the mean free path.
The disorder-induced SIT has been studied experimen-
tally in several systems [5, 13–18]. In these studies, the
experimental tuning parameter is usually a variation in
the sample thickness. How exactly a reduction in sample
thickness affects R is however unclear: although both
processes affect R, a change in the film microscopic dis-
order and a reduction of the sample thickness might be
different in nature. Varying the sample thickness around
typical values of a few tens of angstro¨ms may change
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the relative influence of the surface, as has been previ-
ously suggested [19, 20], or even modify the effective di-
mensionality of the system. The study of the influence
of microscopic disorder on superconducting properties in
samples of the same thickness might therefore help dis-
entangle the complex effects gathered under the generic
term of ”disorder”.
Our system of interest is amorphous NbxSi1−x (a-
NbSi) which is known to undergo a disorder-driven SIT
for 2D samples where the film thickness d < ξSC , the su-
perconducting coherence length [21]. The aim of this pa-
per is to investigate the effect of annealing (up to 250 ◦C),
as another way to vary R, on the SIT. With this ap-
proach, annealing is a new parameter that allows us to
microscopically finely modify the film disorder within the
same sample, without changing its thickness. We will
first show that these moderate thermal treatments do
not measurably affect the structure of the samples (Sec.
III). We will then focus on the modifications thus induced
on their superconducting properties (Sec. IV). Section V
will aim at providing a possible interpretation of this ef-
fect.
II. EXPERIMENTAL PROCEDURE
All a-NbSi films have been prepared at room temper-
ature and under ultrahigh vacuum (typically a few 10−8
mbar) by electron beam co-deposition of Nb and Si, at a
rate of the order of 1 A˚.s−1. We have shown special care
in the control of the sample parameters: the evaporation
was controlled in situ by a special set of piezo-electric
quartz in order to precisely monitor the composition and
the thickness of the films during the deposition. In or-
der to check ex situ these two parameters, Rutherford
Backscattering Spectroscopy (RBS) [22] measurements
were systematically undertaken and the results well fitted
with the in situ monitoring. Due to heating during the
deposition process, the equivalent annealing temperature
of the as-deposited films has been estimated at 70 ◦C, and
confirmed by low temperature measurements of the con-
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2ductivity (see section IV A).
Films for transport measurements were deposited onto
sapphire substrates coated with a 250 A˚-thick SiO un-
derlayer designed to smooth the substrate surface. The
samples were subsequently protected from oxydation by a
250 A˚-thick SiO overlayer. The Nb concentrations ranged
from 13.5% to 18% and the film thicknesses from 20 to
500 A˚. Each film has been annealed, by steps, from 70 ◦C
to 250 ◦C, for 1 hour, under a flowing N2 atmosphere.
To prevent any thermal shock, the samples were slowly
cooled to room temperature.
Atomic Force Microscopy (AFM) and Transmission
Electron Microscopy (TEM) measurements have been
carried out on Nb18Si82 films of thicknesses down to 25 A˚,
close to the lowest sample thickness studied by transport
measurements (20 A˚). Although the transport samples
were of different compositions, it is reasonable to assume
that the film stoichiometry does not affect its structure,
at least in the considered range of niobium concentrations
(13.5%< x <18%).
Samples for AFM measurements were deposited onto a
silicon wafer, overcoated with a native silicon oxide layer.
The a-NbSi samples were not covered by a SiO overlayer,
in order to accurately characterize the film morphology.
TEM studies were performed on films evaporated onto
commercial 250 A˚-thick SiO2 membranes, using a Tecnai
G2 FEI microscope operated at 200 keV. EFTEM (En-
ergy Filtered Transmission Electron Microscopy) mea-
surements have also been performed on this microscope,
using a GATAN Tridiem imaging filter. As-deposited a-
NbSi films were only covered by their native oxyde layer.
In order to assess the influence of the annealing tem-
perature on the film structure, samples capped with 100
A˚ of SiO have been synthesized and embedded within a
heating TEM sample holder in order to perform in situ
measurements. This way, TEM annealed samples closely
resembled the analogous transport samples. Moreover,
this thin capping layer prevented any contamination of
the a-NbSi film during the annealing, which ranged from
70 ◦C to 700 ◦C. The annealing took place inside the
vacuum chamber and lasted 15 minutes. Since the char-
acteristic time for annealing-induced relaxation is smaller
than 1 minute [23–25], this duration is sufficient to ob-
tain the same microscopic state of the material as for the
transport samples.
Transport measurements were carried out down to 10
mK in a dilution refrigerator, using a TRMC2 resistance
measurement bridge and standard AC lock-in detection
techniques. The current applied to the sample was well
within the linear regime of the I-V characteristics for the
considered films. All electrical leads were filtered from
RF at room temperature.
III. STRUCTURE OF A-NBxSI1−x THIN FILMS
The characterization of disordered thin film morphol-
ogy is especially relevant for the study of the SIT, since
the physical mechanisms explaining the destruction of
superconductivity may differ for granular and morpho-
logically homogeneous systems [10, 26]. We have there-
fore conducted AFM and TEM measurements on our as-
deposited a-NbSi films in order to verify their continuity,
amorphousness, and non-granularity (Sec. III A) down
to d = 25 A˚.
Since annealing plays an important role in the present
work, we have extended TEM measurements to films that
were annealed in situ from 70 ◦C to 700 ◦C (Sec. III B).
We will show that we observe, through this technique,
no structural change in a-NbSi films up to an annealing
temperature of 500 ◦C.
A. Morphology of as-deposited films
1. Transport measurements
Before describing the microscopy measurements we
have performed, we would like to emphasize that trans-
port measurements are very sensitive to the sample struc-
ture and can thus give us some information on the mi-
croscopic nature of a-NbSi.
FIG. 1: Sheet resistance as a function of temperature for
Nb18Si82 samples of thicknesses ranging from 45 A˚ to 125 A˚.
The 25 A˚-thick sample of the same composition was found to
be insulating.
Figure 1 shows the low-temperature characteristics of
three Nb18Si82 films for thicknesses of 125 A˚, 75 A˚, and
45 A˚. As has been previously measured in other a-NbSi
samples [21], the sheet resistance R(T ) shows no sign
of reentrance as usually observed for granular systems
[27] when the thickness is lowered. Moreover, the super-
conducting transitions are a few tens of mK sharp, as is
usual for homogeneous films.
We have also measured the electron-phonon coupling
constant to be of ge−ph ' 50 W.K−5.cm−3 at 100 mK,
which is very similar to the values obtained in bulk metal-
lic a-NbSi [28]. This is another indication that all the film
3volume participates to the conduction and that there are
no percolating structures.
2. AFM measurements
We have performed AFM measurements on films of
thicknesses down to 25 A˚. All measured films were con-
tinuous, on a macroscopic scale, within the precision of
the apparatus (' 20 nm in the sample plane). As we
will see in the next paragraph, TEM observations will
confirm this.
The sample surface was moreover found to be very
smooth, with a RMS roughness limited by the AFM res-
olution (' 1 A˚ in height). This is yet another strong
indication of the non-granularity of a-NbSi films down to
these thicknesses.
3. TEM measurements
FIG. 2: TEM images of a. the SiO2 membrane that serves as
substrate to TEM measurements ; b. 25 A˚ and c. 100 A˚-thick
Nb18Si82 film deposited onto the membrane. In the insets are
the corresponding electronic diffraction patterns.
TEM measurements were destined to confirm, with a
better spatial resolution, the AFM results, namely the
continuity and homogeneity of our films. For practical
purpose, as stated in Sec. II, the a-NbSi films were evap-
orated onto SiO2 membranes for these observations.
Figure 2.b (resp. 2.c) shows a TEM image, along with
the corresponding diffraction pattern, of a 25 A˚ (resp.
100 A˚)-thick Nb18Si82 films deposited onto such a SiO2
membrane. Samples have been imaged at different po-
sitions, and no noticeable spatial difference either in the
TEM images or the diffraction spectra was observed.
Due to the grain-like structures present on the TEM
image of the commercial SiO2 membrane (figure 2.a),
which are most probably due to mechanical stress effects,
we estimate that we cannot visualize structures in a-NbSi
films smaller than 20 A˚ in size. However, the TEM reso-
lution is good enough for us to be confident that our films
contain no discontinuities or granular structures larger
than this limit, as confirmed by transport measurements
(sec. IV).
Besides, the diffraction spectrum for the 100 A˚-thick
sample attests to the amorphousness of this film. In the
case of the 25 A˚-thick film, the diffraction spectrum is
more difficult to interpret due to the ratio of the film
thickness to the membrane thickness, but it is reasonable
to assume that films thinner than 100 A˚ do not contain
any crystallites, since they would also have been imaged
in the 100 A˚-thick sample. This will also be confirmed
by conductivity measurements (section IV A).
4. Composition homogeneity
In order to check the uniformity of the film composi-
tion along the sample and to confirm its homogeneity in
thickness, we have performed EFTEM measurements on
the 25 A˚-thick Nb18Si82 TEM sample. We have consid-
ered the 34 eV and 99 eV energy edges for Nb and Si
respectively, using a 20 eV slit. The results are shown
figure 3. Any local difference on the EFTEM signal can
be attributed to a change in niobium concentration or in
the film thickness. Each measurement was performed for
different focuses and no visible structure remained, lead-
ing us to conclude the samples are very homogeneous
both in composition and thickness. We estimate that
any difference in the number of Nb atoms larger than ±
0.1% can be detected by this experimental set-up with a
spatial resolution of 10 A˚.
FIG. 3: a. TEM image of a 25 A˚-thick Nb18Si82 film deposited
onto a SiO2 membrane. The image is taken near a membrane
edge (left). b. EFTEM image of the same region of the sample
for Nb 34 eV M X-ray and c. for Si 99 eV L X-ray.
B. Annealed films
As previously stated, the present work focuses on the
SIT in amorphous NbSi films. Exposed to sufficiently
high temperature, bulk (d > 500 A˚) NbSi is known to
crystallize [23, 29]. In order to use annealing as a rele-
vant tuning parameter for our system, we therefore first
had to establish the maximum temperature at which the
amorphous character of these thin films is preserved.
For this, we have performed TEM and diffraction mea-
surements on a 25 A˚-thick Nb18Si82 sample, that was an-
nealed in situ at regularly-spaced temperatures ranging
from 70 ◦C to 700 ◦C.
The results are summarized figure 4. We have found
no significant change in the film structure until an an-
nealing temperature of 500 ◦C, consistant with the re-
sults obtained for bulk samples [23]. Above this value,
4TEM images show the emergence of regions with a higher
electron density. These have typical sizes of 50∼100 A˚.
Moreover, clearly defined fine spotless rings appear in the
diffraction pattern. These signal the appearance of small
cubic face centered structures (lattice parameter a ' 4.31
A˚) compatible with the formation of partially crystallized
nanometric particules of Nb3Si (a = 4.20 A˚). As the an-
nealing temperature is further increased, the crystallites
grow in size, but no additional feature appears on the
diffraction pattern.
FIG. 4: TEM images and diffraction patterns of a 25 A˚-thick
Nb18Si82 sample after a 200
◦C annealing (a. and b.), after a
500 ◦C annealing (c. and d.), and after a 700 ◦C annealing (e.
and f.).
Considering our experimental resolution, we can be
confident that no crystallites over 20 A˚ in size appear
before an annealing temperature of 500 ◦C or else they
would have been imaged. However, because we deal with
very thin samples and very few Nb atoms, we cannot rule
out that precursors to this crystallization, of size smaller
than 20 A˚, appear at lower annealing temperatures. This
point will be further discussed in section IV A.
IV. EFFECT OF ANNEALING ON THE
TRANSPORT PROPERTIES OF A-NBSI
As-deposited a-NbSi films can exhibit superconduct-
ing, metallic or insulating behaviors, depending, notably,
on the niobium content x [30–32]. In particular, for
x &12%, a-NbSi films are superconducting. As an il-
lustration, the evolutions of the 4K conductivity σ and
of the superconducting critical temperature Tc with x are
given figure 5 for bulk samples. As can be seen, for 3D a-
NbSi films, the conductivity and the Tc increase linearly
with x, in accordance with previous studies on a-NbSi
near the Metal-to-Insulator Transition [33]. This depen-
dence is known to reflect the change in density of states
induced by a change in Nb composition.
To study the effect of the annealing temperature on the
superconducting properties of two-dimensional a-NbSi
thin films, we have considered samples of two differ-
FIG. 5: Evolution of the 4.2 K conductivity σ4K (blue dots)
and of the Tc (red diamonds) with the alloy composition x.
The lines are guides to the eye.
ent niobium compositions, x=13.5% and x=18%, allow-
ing us to span the portion of the phase diagram where
0.14 ≤ Tc,bulk ≤ 1 K. The superconducting films have
thicknesses ranging from 45 A˚ to 500 A˚. We can estimate
the superconducting coherence length ξSC '
√
0.18~vF l
kBTc
,
to be of the order of 260 to 930 A˚ depending on the film
Tc, taking the mean free path to be the interatomic dis-
tance l = 2.65 A˚ [34] and vF ' 2.108 cm.s−1 [35], in
excellent agreement with the estimate of the Ginzburg-
Landau coherence length obtained by Nernst effect in
films of similar composition [36, 37]. Except for the 500
A˚-thick films, the films all have d < ξSC , as can be seen
from table I, which is the commonly accepted criterion
for 2D superconductivity [38]. The transport properties
of these films have been studied at low temperature, for
annealing temperatures, θa ranging from room tempera-
ture to 250 ◦C.
In this work, we have focused on the effect of moderate
annealing on a-NbSi films. It is important to restate that,
in the range of θa considered, the samples remain amor-
phous. We therefore do not consider the situation where
the annealing induces partial or total crystallization of
the film. Within this regime, the effect of increasing θa
on superconducting a-NbSi films is twofold: the normal
resistance increases and the Tc decreases, as is shown for
a typical sample figure 6. In the following sections we
will detail these effects.
A. Evolution of the films conductivity
For thick samples (d > 150 A˚), the conductivity of as-
deposited a-NbSi only depends on the alloy composition.
For thinner films, the conductivity decreases with the
thickness (table I), as could be expected from Fuchs law
[39] combined with localization and interaction effects
[40].
When moderately annealed, the conductivity of a-NbSi
decreases almost linearly with the annealing temperature
5FIG. 6: Evolution of the low temperature transport properties
of a 75 A˚-thick Nb18Si82 film for 70
◦C < θa < 250 ◦C.
TABLE I: 4.2 K conductivity σ and superconducting coher-
ence length ξSC of the different as-deposited samples. (N.S.
= Non-Superconducting).
x (%) d (A˚) σ (×102 S.cm−1) Tc (K) ξSC (A˚)
13.5 50 3.1 N.S.
13.5 75 4.2 N.S.
13.5 100 4.6 N.S.
13.5 200 5.4 N.S.
13.5 250 5.4 0.080 930
13.5 300 5.6 0.104 815
13.5 500 5.5 0.140 703
18 20 0.91 N.S.
18 25 3.8 N.S.
18 30 5.5 N.S.
18 45 8.4 0.196 594
18 75 10.3 0.568 349
18 125 11.9 0.724 309
18 125 12.2 0.809 292
18 500 13.2 1.015 261
θa and σ
∗
4K(θa) =
σ4K(θa)
σ4K(θa=70 ◦C)
is a function independent
of the film thickness at fixed composition (figure 7). This
linear behavior of σ∗4K with θa gives us ground to con-
sider θa as a characterization of the disorder level in the
sample, albeit not being an intrinsic relevant physical pa-
rameter [41]. Moreover, from this linear relation between
σ∗4K and θa, we can verify that the effective annealing
temperature of as-deposited films indeed is 70 ◦C.
Strongly annealed samples deviate from this trend:
when a film is annealed over a critical temperature
θa,c(d), its conductivity increases with θa. We interpret
this to be the onset of compositional ordering which even-
tually leads to crystallization, as has been observed in
ref. [29]. We have seen no sign of crystallites by TEM
measurements (III B) which leads us to think that these
crystallites, if any, are small (< 20 A˚). Thinner films are,
for geometrical reasons, more sensitive to the formation
of a small portion of a more metallic phase, cristalline
or not, which could explain the thickness dependence of
θa,c.
These results show that transport measurements are
FIG. 7: Evolution of the normalized 4.2 K conductivity
σ∗4K(θa) =
σ4K(θa)
σ4K(θa=70
◦C) with the annealing temperature for
the Nb13.5Si86.5 samples (a.) and the Nb18Si82 samples (b.).
extremely sensitive to the sample microscopic structure.
Any deviation from the common σ∗4K(θa) law was there-
fore considered to be the indication that, at a given thick-
ness, the sample structure moved away from amorphous-
ness and/or composition homogeneity. In the rest of this
paper, the corresponding data will thus not be taken into
account.
B. Evolution of the superconducting properties
Figure 8 shows the evolution of T ∗c =
Tc(θa)
Tc(θa=70 ◦C)
as
a function of θa. As mentionned earlier, increasing θa
tunes the sample closer to the SIT and Tc therefore is a
decreasing function of θa. Moreover, |dT
∗
c
dθa
| is smaller for
large values of x: for samples with higher Nb content, the
superconductivity is stronger and the effect of annealing
is less felt.
V. DISCUSSION ON THE EFFECT OF
ANNEALING
Annealing of amorphous metallic alloys has been stud-
ied in the context of their interest as engineering materi-
als [23, 41–46]. It has been shown that their properties,
whether mechanical, magnetic or electrical could be al-
tered even by relatively low temperature annealing which
still preserved their amorphousness.
6FIG. 8: Evolution of the normalized superconducting critical
temperature T ∗c =
Tc(θa)
Tc(θa=70 ◦C) with the annealing tempera-
ture for Nb13.5Si86.5 (squares) and Nb18Si82 (circles) samples.
Although the study of microscopic changes induced by
annealing is beyond the scope of this article, it should
nonetheless be mentioned that the effects of such ther-
mal treatments have been found to be threefold [47]. The
first effect consists in diffusion processes. The other two
effects can be attributed to structural relaxations, either
chemical or topological. These are collective phenom-
ena which redistribute quenched-in defects into lower en-
ergy configurations. Nominally, the material undergoes
an extensive rearrangement of neighboring atoms with-
out change in the mean nearest neighbor distance [48].
The structural relaxations can either be compositional -
introducing chemical short range ordering (CSRO) - or
topological - introducing topological short range order-
ing (TSRO) where the relative positions of the atoms are
rearranged regardless of their chemical nature.
In the case of a-NbSi thin films, for the considered
range of annealing temperatures (θa < 250
◦C), it is rea-
sonable to rule out significant diffusion processes. Indeed,
these have measurable effects only for annealing temper-
atures typically above 1000 ◦C: in a compound similar to
a-NbSi, the diffusion constant of an ion at 250 ◦C has
been measured to be of about 4.10−19 cm2.s−1 [49]. For
an annealing time of one hour, the effective length cov-
ered by the atoms can therefore be estimated to be of
the interatomic distance, at most. Moreover, the diffu-
sion of atoms from the SiO2 under- and/or over-layers
into the a-NbSi film of interest is negligible: the kine-
matics of oxygen diffusion in silicon are very slow [50].
In addition, at temperatures above 1000 ◦C, far above
our maximum annealing temperature, silicon atoms tend
to diffuse from Si layers into SiO2 [51] rather than the
contrary. Niobium atoms should also not be impacted
by this very limited diffusion, thanks to their sparsity.
Secondly, as explained in the previous sections and ver-
ified in the literature [23, 29], a-NbSi thin films remain
amorphous, for θa < θa,c, and there is no sign of chemi-
cal segregation within the films. Given the compositions
we are working with, it is therefore reasonable to assume
that CSRO does not affect the films macroscopic proper-
ties, and only plays a non-negligible role for temperatures
higher than θa,c.
TSRO, however, might provide a plausible explana-
tion for the effect of annealing in a-NbSi films. Indeed,
these relaxation processes induce atomic movements on
lengthscales a priori smaller than the inter-atomic dis-
tance. Beal and Friedel [52] have theoretically studied
the effect of such relaxation processes on the diffusion in-
duced by pairs of scatterers and shown that this reorgani-
zation towards a local order always leads to an increase
of the local resistivity. In systems close to the Metal-
to-Insulator Transition, as is a-NbSi in these conditions,
this effect can be dramatic since a small increase in lo-
cal resistivity can translate into important effects on the
macroscopic properties of the films [53].
Lastly, it is important to note that previous studies
have concluded that annealing a-NbSi up to θa = 260
◦C
induces no change in the carrier density [29].
For the purpose of our analysis, we will limit our-
selves to the macroscopic effects of these annealing treat-
ments. As previously seen, annealing modifies the sam-
ples macroscopic conductivity. It can therefore be seen
as a tuning parameter for disorder.
In disordered superconducting films, there has been
numerous attempts to link the superconducting proper-
ties to the film disorder, measured by the product kF l.
In two-dimensional systems, R = he2
1
kF l
, so that the
square resistance has often been put forward as a way to
quantify the mean sample disorder.
Theoretically, the Kosterlitz-Thouless critical temper-
ature was predicted to be driven by R in disordered
superconducting thin films [54–56]. In Maekawa and
Fukuyama’s theory explaining the initial effects of disor-
der on the Tc [3] through a purely fermionic scenario im-
plying an increase of Coulomb interactions as R grows
larger, ∆TcTc is a function of R as well. The extension of
this theory by Finkelstein [57] also relates a reduction in
Tc to the sole R for a given compound. Another sce-
nario, of a bosonic nature, predicts a change in ground
state from superconducting to insulating at large disorder
for an universal critical sheet resistance R,c [58], which
is temperature independent within the quantum critical
region. The close link between a film sheet resistance
and its critical temperature has also been underlined in
recent theoretical reviews [59, 60].
Numerous experiments have confirmed the correlation
between Tc and R in very different disordered systems:
InOx [61], a-Ga [62], MoC [16], and NbN [63] for exam-
ple. In these experiments, the disorder was made to vary
through a change in the film thickness. Even more con-
vincing were the results grouping different compounds
or different ways of tuning the disorder, which showed a
strikingly similar destruction of superconductivity when
R grew: Strongin et al. [9] showed the same Tc reduc-
tion with R for Bi and Pb films ; Valles et al. [64] did
so for Pb and Sn films ; Graybeal et al. [40, 65] presented
7similar results for a-MoGe films of different compositions
and thicknesses. Shahar et al. [5] also showed evidence
for a well-defined Tc(R) relationship for InOx films of
different oxygen contents.
In the following, we will show that our results are in
contradiction with these previous studies, and that the
reduction of the film thickness does not affect the super-
conducting properties in the same way as the composi-
tion x or the annealing temperature θa does. In other
words, R is not, in our system, a relevant parameter to
describe the superconductor-to-insulator transition.
A. Comparison between the effects of x and θa
Annealing and the film composition both modify the
disorder parameter R ∝ 1kF l : the film composition in-
fluences the density of states and hence modifies kF ,
whereas annealing changes the effective mean free path
l through a variation of local conductivity. It can there-
fore be expected that, at fixed thickness d, these two
tuning parameters have the same influence on the de-
struction of superconductivity. This effect can be seen
on figure 9.a: the depletion of Tc relates one-to-one with
the square resistance R as the SIT is approached either
through annealing (each color symbolizing one anneal-
ing temperature) or through a composition change (each
composition being represented by a different symbol).
The fact that, at a given sample thickness, Tc is entirely
determined by R can also be seen in figure 9.b: starting
from a 125 A˚ thick Nb18Si82 sample, one can achieve the
same reduction in Tc, and the same R with a θa =
200 ◦C annealing or with a reduction of the composition
to x = 17%.
At fixed thickness, R can therefore be considered to
be a relevant parameter to describe the SIT.
B. Comparison between the effects of d and θa
The comparison between the effects of annealing with
those induced by a reduction of the sample thickness is
however more difficult: how a change in d affects R is
unclear. In a similar manner as previously, let us compare
the effects of both parameters on Tc. As can be seen
figure 10.a, there is no one-to-one relationship between
Tc and R: at a given composition x, the Tc reduction
induced by the annealing |dTcdθa | is much more important
than the thickness-induced effect (|dTcdd |).
Again, figure 10.a shows that, starting from a 125 A˚
thick Nb18Si82 sample, one can achieve the same reduc-
tion in Tc with a θa = 200
◦C annealing or a reduction
of the thickness to d = 75A˚. However, the correspond-
ing R differ by a factor of almost 2 in the two cases.
In other words, the knowledge of R is not sufficient to
predict the superconducting behavior of the films when
d is made to vary.
FIG. 9: a. Tc as a function of the disorder parameter R
for several 500 A˚ thick samples. Each symbol represents one
composition and each color one annealing temperature. The
samples of x = 14% and x = 15% have been previously stud-
ied [21, 66] and are given for comparison. b. Annealing and a
change in composition affect the superconducting properties
in the same way: starting from a 125 A˚ thick Nb18Si82 sample
(blue circles), the superconductivity can be weakened in the
same manner (Tc and R) by annealing (blue crosses) or by
a change of composition (red circles).
C. Quantifying disorder
The results of the two previous sections are summa-
rized figure 11. The critical temperatures for all super-
conducting films are plotted with respect to the corre-
sponding 1R
for both compositions (x = 13.5% and
x = 18%) and for different annealing temperatures.
Whereas samples of 500 A˚ follow the same Tc suppres-
sion law, as was suggested by [5], the trend seems to be
specific to each of the considered film thickness, and no
universal behavior could be determined.
As a prominent illustration of this point, two films of
the same R have been found to be on opposite sides
of the superconductor-to-insulator transition, as shown
figure 12. This contradicts the theoretical predictions
that R solely determines the ground state near the SIT
[4, 10].
VI. CONCLUSION
We have studied the disorder-tuned suppression of su-
perconductivity in a-NbSi films, through the variation of
thickness, composition and annealing. We have shown
that moderate annealing weakened superconductivity in
8FIG. 10: a. Tc as a function of the disorder parameter R for
several Nb18Si82 samples. Each symbol represents one thick-
ness and each color one annealing temperature. b. Annealing
and a change in thickness affect the superconducting proper-
ties in different ways: starting from a 125 A˚ thick Nb18Si82
sample (blue circles), Tc can be weakened by annealing (blue
crosses) or by a reduction of thickness (red circles). The cor-
responding square resistances are however different.
FIG. 11: Tc as a function of R for all films studied. Films
of a given thickness follow the same trend regarding the sup-
pression of superconductivity (black dashed line as guide to
the eye).
these films, while the chemical composition of the films
was unchanged and they remained amorphous. The sup-
pression of superconductivity through a variation of com-
position or of annealing temperature could be explained,
at a given thickness, through a single parameter R.
However, the effect of thickness reduction could not be
satisfactorily explained this way. These arguments imply
that R is not the relevant parameter to fully describe
the disorder in the vicinity of a SIT. The transition tuned
FIG. 12: Transport properties of two films with the same R.
Despite having the same disorder parameter 1
R
, these two
films are on opposite sides of the SIT.
by the reduction of the sample thickness seems to play
a special role, distinct from the effect of a modification
of the microscopic disorder, here tuned by the annealing
temperature. To the best of our knowledge, this differ-
ence remains to be understood.
Let us end with the mention that, for the different ap-
plications of superconducting films, it is particularly in-
teresting to have an extrinsic parameter, like annealing,
which could be used to fine-tune their properties, mainly
the normal resistance R,n and the superconducting crit-
ical temperature Tc, after the thin film synthesis. We can
cite the example of Transition Edge Sensors, which op-
erating temperature could thus be finely adjusted to the
need of the considered experiment [66].
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